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1 .   INTRODUCTION 


R-C  circuits  are  of  great  interest  in  that  they  offer  frequency 
selectivity  ana  are  easily  fabricated  using  integrated  circuit  technics. 
A  worthwhile  goal  is  that  of  optimizing  particular  R-C  circuits  with 
respect  to  the  number  of  components  but  more  importantly  with  respect  to 
certain  circuit  parameters. 

The  optimization  of  certain  parameters  of  a  R-C  circuit  is 
necessary  in  order  to  be  able  to  build  tuned  power  amplifiers,  very  stable 
harmonic  oscillators,  and  filters  without  the  need  of  the  usual  L-C  circuit. 
This  is  of  great  importance  for  integrated  circuits  in  view  of  the  difficulty 
of  constructing  small  and  efficient  inductors. 

This  paper  will  investigate  one  particular  R-C  circuit  -  the 
bridged-T-  and  will  attempt  to  discover  its  usefullness  and  limitations 
as  a  filter  and  as  an  oscillator  feedback  network.   Some  general  guide 
lines  for  the  optimization  of  the  network  with  respect  to  several 
performance  characteristics  will  also  be  attempted. 

Although  some  studies  on  the  bridged-T  network  have  been  done  in 
the  past,  most  authors  have  considered  only  the  ideally  loaded  network 
configuration,  that  is,  either  an  open  or  a  short  circuit  load.  Another 
constraint  which  is  often  placed  upon  bridged-T  design  is  that  of  being 
a  symmetrical  network  with  both  resistors  equal  and  both  capacitors  equal. 
Consideration  will  be  given  here  to  a  non-ideal  loading,  non-symmetrical 
network;  however,  due  to  time  limitation,  only  resistive  terminations  will 
be  investigated. 
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A  high  speed  digital  computer  was  used  to  generate  solutions 
the  network  equations  of  the  bridged-!  network  for  various  values  of  the 
variables.   Due  to  the  iterative  procedures  required  in  optimizing  the 
network,  the  computer  presented  itself  as  the  natural  tool  for  this  type 
of  operation.   Also,  various  plotting  routines  of  the  computer  were  used 
to  provide  easily  understood  graphs  of  the  bridged-T's  performance. 
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The  bridged-T  can  be  represented 


by  the  following  topology, 


i 


G>H 


-o~ < 


ZL 


The  loop  equations 


are 


vi  -  Vzi +  S]  +  W  +  VV 

v2  -  1,(23)  +  i2(z3  +  z4)  -  i3(Z^) 
0  =  1^)  -  i2(Zji)  +i3(z1  +  z2  +  z4) 

Solving  Equation  (2-3)  for  I  yields 


(2-1) 
(2-2) 
(2-3) 


J3  = 


(2-k) 


Substituting  Equation  (2-k)   into  Equations  (2-1)  and  (2-2) 


Z?  Zl\ 


i  =  WV  VVV  ^  J2(z3 +  v^' 


V 


2 
Z.Z,  z) 


The  standard  two-port  nomenclature  is 


Vl  =  Vl  +  Z12X2 


V2  =  Wl  +  Z22I2 


A  direct  comparison  yields 


hh 


< 


(2-< 


v2  ■  h'-h  ♦  r£ft *  W* "  vW  (2"6) 


(2-7) 
(2-8) 


(2-9) 


Since  current  gain  is  a  more  useful  parameter  for  transistor  circuits, 

A  rather  than  A  will  be  investigated.   The  standard  forms  for  input 

i  v 

impedance  and  current  gain  are 


Z12Z21_, 
Zin  -  Zll  "  Z22  +  ZL 

A.=    Z-- 


1  '  Z22  +  ZL 


From  these  two  equati 


ons 


Z.  =>  Z        -   Z  A 
ln         n         12  i  (2-lM 

substltutlng  the  open  clrcuit  lmpeaance  p8rameters  intQ  ^  ^^ 

Ration  ana  reduclng,   an  expresslQn  ^  ^  ^  ^  ^  ^ 

ZnZ-;  Z    7 


z 


+  z    +  -A-l  +  _£_^ 


Zk         \ 


can  be  simplified  by  looking  at  a  specific 
-idged-T  newer*  with  restrictions  upon  the  element  values,   if  the 
impedance  values  are  chosen  such  that1 


Z  =  Z,  =  -i- 

1    4   jwc 


Z2  =  R2  =  aR 


Z„  =  R  =  5 


3    3 
ZL  =  0   (idealized  loading) 


(2-16) 

(2-1?) 
(2-18) 

(2-19) 


and 


0        RC 


(2-20) 


then  by  substition  into   f?-Kl      a      „ 

to  ^  ^/j  Ai  can  be  written  as 


2     W    00 

A   .  1 .   0  ,  - ^ 2-21) 


-  +  a  +  ,H77 


a 


0 


From  this  equation  it  can  be  seen  that  at  the  radian  frequency  o>  =  <*Q, 
the  current  gain  goes  through  a  minimum,  referred  to  as  the  null  point, 
and  the  phase  shift  (difference  in  angle  between  the  input  current  to  the 
bridged-T  network  and  the  current  out  of  the  network)  is  0  degrees. 

Figure  1  is  the  plot  of  the  magnitude  and  the  phase  angle  of  A± 
versus  UL  for  Equation  (2-2l).   It  can  be  seen  that  by  choosing  various 
values  of  the  variable  a,  the  equivalent  Q  of  the  network  can  be  made  more 
or  less  sharp.   By  increasing  the  value  of  a,  the  Q  is  also  increased; 
however,  it  is  seen  that  the  off -resonance  phase  shift  also  increases  in 

magnitude „ 

Referring  to  Figure  1,  as  a  goes  from  1  to  10,  the  null  sharp- 
ness also  increases .   At  the  normalized  frequency  value  —  -  2,  the  phase 
angle  increases  from  a  value  of  approximately  11  degrees  for  a  equal  to  1 

to  7^  degrees  for  a  equal  to  10. 

Because  of  this  effect  of  rapid  phase  shift  with  respect  to 
frequency  change  near  the  circuit  null  point,  the  bridged-T  is  limited 
in  its  applicability  as  a  negative  feedback  network. 
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To  proceed  to  the  more  general  case,  the  restrict- 

c;  ^ne  restrictions  on  the 
capacitor  values  and  on  the  loading  re,ic+ 

oaamg  resistor  are  now  relaxed   The 

impedances  of  Equations  (2-l6)  through  (2  20) 

irougn  (2-20)  can  be  redefined  as 


Z2  =  aR 

(3-1) 

3   8  (3-2) 

Z.  =^- 
1   jwbC  ,    . 

(3-3) 
Z   =  -b  . 

k  '   JMC  (3-4) 

0   RC  . 

(3-5) 

zT  =  Rr  =  as 

L  (3-6) 

allows  for  more  c°m™ e—  manlPUlation  and  for  ;asy 

determination  of  thp  fnn^   n 

ui  xne  imal  element  valuer   -p^  -p 

values .   The  freedom  of  the  designer 

to  aeVel0p  an  efflcient  net„ork  is  ^  greater  using  ^^  ^ 

definitions  than  that  of  -fv, 

an  that  of  the  symmetrical  network   ideal lv  i   ,,  „ 

uiaj  laeaily-ioaded  case, 

APPlying  the  above  definitions  ^     ■, 

aeimitions  of  element  values  to  A   and 

reducing  the  resulting  equation  gives 


2        w    oj 
1  +  b  +  jab  (-j-  -  -0) 

(3-7) 


The  increased  complexity  of  this  equation 
Equation  (2-2l)  is  quite  evident  especially  when  the  phase  shift  is 
considered.   No  longer  is  the  phase  shift  equal  to  zero  at  w       nor 
will  the  null  necessarily  occur  exactly  at  the  defined  »  -  wQ  because  of 

the  added  terras. 

Two  important  questions  arise.   How  sharp  a  null  can  be 
achieved  without  exceeding  a  certain  phase  shift?  At  what  point  will 
the  overall  current  gain  be  so  low  tnat  the  network  can  no  longer  be 
practical  value?  The  consideration  of  the  maximum  phase  shift  and  the 
minimum  current  gain  creating  a  restriction  on  the  upper  value  of  Q  will 
be  defined  as  the  "limiting  conditions"  in  the  optimization  procedure. 
The  frequency  at  which  these  limiting  conditions  are  evaluated 
defined  as  *  =   F  X  u)    For  convenience  ,  F  is  set  equal  to  2, 

To  define  the  "sharpness  of  the  null"  or  the  equivalent  Q  of 
the  circuit,  a  ratio  can  be  formed 

!ii':^LEi^o  (3-8) 

1     o 

This  suggests  the  use  of  a  normalized  frequency  variable 

u  (3-9) 

E  =  — 

0 
The  equivalent  Q,  is  the  value  of  the  magnitude  of  the  current  gain     j 
evaluated  at  u>  =  E  X  o>Q  divided  by  the  value  of  the  magnitude  of  current 

gain  at  w  =  w 

Finding  the  magnitude  of  A.  in  Equation  (3-7)  ^d 
substituting  ',3-9)  into  this  result  gives 


2   "~  2 

(!+b    )      +    (ab(E--)) 


Cl+b  +a  b  +ab  d+ad)2  +   (ab(E-i)+a2bdE)2 

Applying  Equation   (3-10)   to  the 


(3-10) 


(3-8)  result 


Q 


definition  of  equivalent  Q  gi 


s  m 


given  by 


(3-11) 


-  previous  state*.  u  .  Uq  will  not  be  ^  ^  ^^  ^ 
A,  *>r  the  non-ldeally  termiMted  case;  ^  ^  the 

considered  here   it  m-n  u 

-,  wUl  be   SUmcie„tly  near   to  the  nl„lnuB  for  deslgn 

considerations . 

Thus,  as  the  value  of  the  rat-in  n  - 

the  ratio  Q  increases,  the  null  becomes 
sharper;  and  as  Q  decreases   the  null  h« 

b,  the  null  becomes  broader.   Figure  2  and 

Figure  3  illustrate  this  point . 

Throughout  the  rest  n-p  +w^ 

rest  of  this  paper,  the  frequency  variable  E 

is  chosen  to  be  equal  to  2,   The  current  B    ■ 

me  current  gam  ratio  Q  will  then  be 

determined  by  the  radian  frequencies  «Q   and  2  x  ^ 

"   C°mPUter  Pr°gram  W3S  -1"-  to  look  1  certain  circuit 
—tens  such  as  current  gain  at  «Q   and  at  2   x  „„    the  input  impedance 
^   various  loading  i^dances,  and  the  phase  shift  of  the  network  for 
these  values  of  the  frequency  variable. 

This  program,  shown  on  pages  10  anrl  n  t  v 

y   8^b  iu  and  Intakes  input  data  of 

«*  ™lues  of  .,  bi  a,  and  E  and  substitutes  these  ^^  ^on  ^ 

to  solve  for  the  current  galn  ana  into  Equatlon  fc^)  fQr  input 
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12 
estimate  of  the  effects  of  the  particular  variable  upon  the  n< 
characteristics .   Table  1  gives  some  of  the  results  found  by  using  this 
program  for  a  termination  of  50  ohms. 

To  investigate  the  circuit  more  closely.,  it  was  necessary  to 
see  what  effect  each  of  the  variables  had  on  the  primary  circuit 
parameter  Q  while  the  other  variables  were  held  constant,   To  do  this, 
a  CALCOMP  subroutine  of  ILLIAC  II  was  used  to  plot  Q  versus  various 
variables.   The  CALCOMP  subroutine  was  very  helpful  in  that  it  not  only 
plotted  the  function  but  also  calculated  the  necessary  points.   Only  th( 
function  subroutine  and  the  lower  and  upper  limits  of  the  frequency 
variable  need  be  specified.   The  particular  CALCOMP  subroutine  used 
(CP15FN)  then  divided  the  frequency  interval  into  1000  points  at  which 
the  values  for  A,  were  calculated.   The  subroutine  then  scaled  the 
results  and  connected  the  1000  points.   The  results  of  various  parametei 
values  are  shown  in  Figures  k,    %    and  6,   By  changing  the  value  of  the 
particular  constants  for  each  graph,  a  family  of  curves  resulted, 
From  Figure  k    for  which  the  magnitude  of  the  ratio  Q,  is 
plotted  versus  the  variable  a  for  b  -  ,1  and  d  =  ,5?  the  sharpness  of 
the  null  can  be  seen  to  be  directly  related  to  a.   Increasing  the  value 
of  a  results  in  increased  sharpness.   The  CALCOMP  program  for  this 
particular  plot  is  given  on  page  ik.      The  programs  for  Figures  5  and  6 
are  similar  to  that  shown  except  for  a  change  of  variables  in  the  calli 
sequence  and  a  redefining  of  the  constants. 

From  Figure  5  for  which  Q  is  plotted  versus  b  with  a  =  1000 
and  d  =  .5,  it  can  be  seen  that  for  a  particular  value  of  b,  in  this 
case  b  =  1,3,  the  value  of  Q  is  maximized.   This  value  results  from  the 
particular  constants  chosen  for  a  and  d„ 
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DIMENSION  A(1000);Q(1000) 

PL0T1 

AMAX=1000o 

AMIN=10„  . 

CALL  CP15FN   (AMAX.AMINjA^Q.O^PI^Tl) 

END 


SUBROUTINE  PL0T1    (A,Q) 

E=2„ 

B=.l 

D=„5 

A2=A*A 

B2=B*B 

R=(l„+B2)**2 

S=(A*B*(E-1./E))**2 

T=(l.+B2+A2*B2+A*D*B2+A*D)**2 

U=(A*BKE-1./E)+A2*B*D*E)«2 

V=(A2*B*D)**2 

Q=(((R+s)   (T+V))/(R*(T+U)))**.5 

RETURN 
END 


In  Figure  6,  Q  is  plotted  versus  d  with  a  -  1000  and  b  .  .1. 
The  value  of  q  Is  seen  to  decrease  as  the  value  of  d  Increases. 

Now  that  the  general  relationships  between  the  normalized 
variables  and  the  equivalent  Q  of  the  bridged-T  are  better  understood, 
another  and  more  complicated  problem  presents  itself.  Whenever  the  value 
of  Q  is  increased,  the  phase  shift  at  the  particular  F  x  <0Q  is  also 
increased  and/or  the  overall  current  magnitude  is  decreased0.  This  general 
trend  can  be  seen  in  Table  1. 

In  looking  at  the  particular  problem  of  excessive  phase  shift 
as  the  Q  is  increased,  several  CALCOMP  plots  were  run  of  phase  shift  versus 
the  frequency  variable  E.   It  was  discovered  that  for  certain  network 
values,  there  was  quite  a  large  change  in  angle  for  small  changes  in 
frequency.  These  areas  were  at  or  near  the  resonant  frequency  value  of 
«  =  1.   Figure  7  illustrates  the  effect  of  large  phase  shift  for  small 
frequency  change. 

This  type  of  circuit  behavior  of  a  large  change  in  phase  shift 
for  a  very  small  change  In  frequency  might  possibly  be  used  to  obtain  a 
very  stable  oscillator.   By  employing  as  a  feedback  circuit  the  bridged-T 
operating  in  this  region  with  another  phase-shifting  R-C  network  to 

achieve  the  necessary  l8o  degree  chase  shift2 

86  pnase  shlft  >    a  very  stable  oscillator 

seems  achievable. 


2'   Princeton. \£o)  .~^S^^^    ^    Van  N°^and  =0., 


1,   I960),   pp0   174-176 
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The  drawback  comes,  however,  from  the  large  amount  of 
attenuation  inherent  in  the  bridged-!  network,  particularly  in  this 
high  Q  --  large  phase  shift  region.   Unlike  the  typical  L-C  network  for 
which  loading  conditions  are  not  too  severe,  a  bridged-T  network  loads  the 

input  circuit  even  when  operating  at  its  so  called  resonant  or  null  point 

3 
This  was  pointed  out  for  the  parallel-T  case  by  Leonard  Stanton. 


3,   Stanton,  Leonard,  "Theory  and  Application  of  Parallel-T  Resistance- 
Capacitance  Frequency-Selective  Network,"  Proc.  I.R.E.,  Vol.  6*, 
(July,  19^6),  pp.  kkl-ktf. 


"».   OPTIMIZATIOM  OP  THE  EQUIVALENT  Q 

*  starting  point  for  optimization  can  be  establishes  bv  an 
investigation  of  the  Q  versus  normalised  network  ^^  ^ 

previously  found.   Figures  h     q  a„x   c     u 

g     k,    5,  and  6  show  specifically  how  the  variables 

can  be  manipulated  to  increase  the  value  of  Q.   Usin,  thlq  .    1 

«%.   using  this  knowledge  and 
the  limiting  conditions  as  defined  on  page  ft  n  P    + 

u«  Page  ft,  a  computer  program  was 

written  to  compute  the  circuit  element  values. 

*»  a  practical  standpoint,  somewhat  limited  ranges  of  element 
values  are  useful.   We  WOuld  like  resistor  values  to  be  from  several 
tens  of  ohms  to  several  tens  of  megohms.   Capacitors  shouid  be  in  the 
micro-  to  pico-farad  range. 

From  the  prions  chapter;  the  general  ^  ^   ^^  ^  ^ 

was  seen  to  be  between  .01  and  loon   is.   is 

and  1000.   From  the  definition  Equations  (3-1) 

and  (3-so)  and  the  knowledge  of  the  obtainable  resistor  values,  a 
starting  value  of  B  was  chosen  as  5  X  lO^  ohms. 

Because  this  network  will  probably  be  used  ^  ^.^^  ^ 
a  transistor  circuit  of  low  input  impedance,  RL  „as  chosen  to  be 

approximately  50  ohmq   im,-,- «,  ~ 

y   yv   onms.  This   corresponds  to  a  d  of 


R-       50 


t  =  -4  S 


IT  "  .ooi 


R    5xio4   "  C^-i) 

The  value  of  d  was  kept  small  throughout  this  optimization 
procedure  because  of  element  value  restrictions. 

From  Figure  5,  the  optimum  value  of  b  was  seen  to  be 
approximately  1.   p*om  a  mathematlca]_  ^^  ^  ^^  fc  ^ 
found  as  follows. 


Simplifying  Equation  (3-ll)  with  the  restriction  that  d  be 
small  with  respect  to  a,  b,  and  E,  it  follows  that 


2N2 


[l+b  )   +  (ab(E-i)) 


2  22 
1+b  +a  b 


(U-2) 


(l+b2+a2b2)   +  (ab(E-^))        1+b' 


If  a  is  taken  to  be  much  larger  than  1.0  in  order  to  get  large  values,  of 
Q,  and  E  is  near  1.0,  which  agrees  with  the  definition  of  E,  then 

(1+  b2  +  a2b2)2»  (ab(E  -  h)2  (^-3) 


and 


Q  = 


l+b2)   +  (ab)2 


ab 


l+b 


l+b 


(k-k) 


Forming  the  derivative  of  Q  with  respect  to  b  gives 


db 


1  + 


fab  \ 

l+b2 


ab 


l+b 


X 


a  (l+b2)  -  2ab 
(l+b2)2    - 


(+-5) 


To  maximize  equivalent  Q,  this  derivative  is  set  equal  to  zero  and  the 
resulting  equation  is  then  solved  for  b„ 


^  =  0  =  1  +  b2  -  2b2 
db 

2  ~  . 


b  =  1 


Thus,  a  good  starting  value  for  b  in  the  optimization  program  is 


(U-6) 

(+-T) 
(U-8) 

b  =  1. 
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The  value  of  =  was  found  by  lncreaslng  a  frQm  ^  ^^  ^ 

value  (.0!  was  chosen)  to  a  point  at  which  either  the  phase  shift  ana/or 
current  magnituae  limits  are  vlolated.   ^  ^  ^  ^  ^  ^^ 

a  can  then  he  reaucea  ana  .  new  value  of  h  computed.   I„  tMs  case>  „  „, 
reduced  by  one-half  of  the  difference  between  its  present  value  ana  its 

preceaing  value.  This  nmi-prinr.  „-p  • 

procedure  of  increasing  a  until  the  limiting 

conaitiona  are  violate*  then  facing  it  hy  a  specific  factor  and  finaing 
an  optimum  „  „m  lead  to  a  final  value  for  a,  b,  and  ,.  For  „  reference 
angle  of  ,5  degrees,  convergence  to  the  final  values  took  place  after 
13  iterations.   The  term  "optimum  b-  aescribea  that  set  of  network 
parameters  resulting  in  the  largest  Q  for  a  b  at  the  peak  of  the  <J 
versus  h  curve  (FigUre  5)  and  the  variable  a  „hich  ls  assoclatea  ^ 
this  curve.   Even  after  the  optimum  b  and  the  maximum  a  for  this 
particular  b  1.  founa,  this  does  not  necessarily,  define  the  largest 
overall  value  of  Q.   Flgure  8  nitrates  the  optimum  b  and  why  this  b 
does  not  necessarily  give  the  largest  (,.   „ere  lt  ls  seen  ^  fi  (  ^ 
optima,  value  of  b,  aoes  not  give  as  large  a  value  „f  Q  as  ^  ^   ^ 
the  a  =  Aa  curve,  B2  is  the  largest  yalue  ^  b  ^  wwch  ^  ^  J^ 

conditions  are  not  violated.   The  optimum  b  will,  ln  most  caseSj  be 
approximately  equal  to  1. 

CALCOMP  plots  of  the  phase  shift  versus  a  and  phase  shift 

versus  b  both  show  the  effppt  r^-p  »„ 

effect  of  increasing  phase  shift  for  increasing 

value  of  the  variables   The  -^-1^+   ^ 

names.   The  plots  of  current  magnitude  versus  a  ana  b 

ahow  similar  trends,  i.e.,  as  the  variable  increases,  current  magnitude 

^creases.   This  indicates  that  if  b  were  increased  from  the  previously 

found  optimum  value,  a  would  have  to  be  reduced  to  insure  that  the 

current  ana/or  angle  limiting  conaitions  are  not  violates.  Figures  k   ana 
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5,  however,  show  that  by  increasing  b  and  decreasing  a,  the  equivalent 
Q  will  decrease.  Thus  the  "optimum  b"  will  also  be  the  largest  value  of 
b  which  need  be  investigated ,   The  computer  program  tested  b  greater 
than  the  optimum  value  and  verified  the  fact  that  the  optimum  b  is  the 
largest  worthwhile  value  of  the  variable. 

The  next  step  is  to  see  if  decreasing  b  from  the  optimum  and 
increasing  a  will  lead  to  an  overall  increase  in  Q,   The  computer 
program  does  this  by  first  decreasing  b,  then  increasing  a  'until  the 
limiting  conditions  are  violated,  testing  the  new  value  of  Q  which 
results  to  see  if  it  has  increased,  and  finally,  depending  upon  the 
results  of  the  previous  test,  either  going  through  the  procedure  again 
or  exiting  the  routine. 

The  program  is  shown  on  pages  21  through  29=  Table  2  shows 
some  results  of  this  program  for  various  current  magnitude  and  phase 

shift  limits, 

A  range  of  parameter  values  therefore  results  from  the 
optimization  routine.  Any  b  can  be  chosen  between  the  optimum  B1  value 
and  the  minimum  ^   value  as  shown  on  Figure  8,   For  any  value  of  b  within 
this  range,  the  optimum  value  for  a  can  be  found.   Similarly,  for  a 
value  of  a  between  A±   and  AQ,    the  value  for  b  to  give  the  largest 

equivalent  Q  is  defined. 

It  can  be  seen  from  Table  2  that  by  decreasing  b  below  1  and 
by  increasing  a  sufficiently  greater  than  1,   thus  making  the  network 
more  non-symmetrical,  the  equivalent  Q  can  be  increased  over  that  value 
given  for  the  optimum  b,   Just  how  much  in  practice  the  values  of  a  and 
b  can  be  made  to  differ  from  1  will  be  determined  by  the  particular 
limiting  conditions, 
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31 
5 .   SUMMARY 


The  bridgea-T  network  does  not  display  the  hoped  for 
characteristics  of  a  high  and  easily  adjusted  ,  ¥lth  little  or  nQ  ^ 
shift  at  the  off-„ull  fluencies.   To  obtain  a  reasonabie  value  of  Q 
the  phase  shift  is,  in  most  cases,  excessive.   Operating  the  network 

purposely  in  the  large  phase  shift  region  as  in  an  „   -n 

cgion,  as  in  an  oscillator  feedback 

network,  results  in  a  very  large  amount  of  signal  attenuation.   When  the 
angle  lining  condition  is  more  severe  than  the  current  magnitude 
condition,  increasing  the  equivalent  Q  by  increasing  a  and  decreasing  b 
fro,  the  opt™  case  results  in  much  greater  current  attenuation. 
When  the  magnitude  condition  is  the  most  critical,  then  asking  the  net- 
work .ore  non-symmetrical  results  in  increased  equivalent  Q  without  Buch 
change  in  phase  angle.   In  general,  no  more  than  a  factor  of  2   increase 
in  Q  can  be  achieved  within  the  limltlng  conditlons  by  an  lncre8se  ^ 
a  and  a  decrease  of  b  from  the  optimum  case. 

If  sufficient  amplifier  stages  are  available  so  as  to  make  a 
large  amount  of  attenuation  acceptable,  then  it  might  be  advantageous  to 
look  at  the  large  phase  shift  region  of  the  bridged-T.   Future  study  of 
a  bridged-!  circuit  used  in  conjunction  with  a  R-C  phase  shifting  network 
might  lead  to  an  improved  oscillator  feedback  combination. 

In  the  design  of  an  optimum  bridged-T  network  for  a  given 
equivalent  Q,  almost  total  dependence  was  placed  upon  the  use  of  the 
computer.   After  the  network  equations  were  derived,  CALCOMP  plots  were 
used  to  show  the  effect  of  the  various  element  parameters  upon  Q.  A 
computer  program  was  written  to  give  more  precise  data  over  a  larger 
interval  than  was  possible  using  only  CALCOMP  plots.   From  these  two 
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sources^  a  final  optimizing  program  was  formulated.  This  type  of 
computer  approach  would  be  readily  applicable  to  the  twin-T  network 
which  has  circuit  characteristics  quite  similar  to  those  of  the 
bridged-T„ 
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